Abstract. Historical hydroclimate records derived from tree-ring parameters are scarce in the core region of East Asian Summer Monsoon (EASM) in China, limiting our understanding of the inter-decadal hydroclimate variability of this region and its possible connections with the EASM. In this study, standard chronologies of total tree-ring width (TRW), earlywood width (EWW), and latewood width (LWW) were created using tree-ring samples of Pinus tabulaeformis in the eastern Qinling Mountains, Central China. The strongest growth-climate relationship was found between EWW and May-July self-calibrated 15
Introduction
Anomalous East Asian Summer Monsoon (EASM) activity can cause severe drought and flood events in its impact area, leading to great loss of lives and property (Ding, 1992; Huang et al., 2006) . Interdecadal variability of EASM and the related 25 hydroclimatic changes have been topics intensively discussed in China's climate research community ).
Since quality-controlled instrumental records started in the 1950s in China (Zhou et al., 2009) , most studies only focused on the past 60 years when exploring the EASM-hydroclimate relationship. Nevertheless, Wang et al. (2000) developed a precipitation dataset which extended back to 1880, enabling it possible to study the relationship between EASM and hydroclimate before the 20 th century (Ding et al., 2008; Guo et al., 2004; Zhou et al., 2009 ). However, the reliable period of 30
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this dataset only began in the early-stage of 20 th century (Zhou et al., 2009) . Therefore, to study the long-term relationship between EASM and hydroclimate, reconstructions using climate proxies such as tree rings, ice cores, or historical documents are needed (Ding et al., 2013) .
Tree-rings have significant advantages over other proxies in some important aspects, including annual resolution, replication, and preservation of high-frequency signals (Meko and Graybill, 1995) . Therefore, they are an ideal source for studying climatic 5 variations on inter-annual to multi-decadal timescales. Previous tree-ring studies relevant to EASM variability were mainly concentrated in arid and semi-arid regions that belong to the marginal areas of EASM influence (Chen et al., 2013; Liang et al., 2007; Liu et al., 2017b; Yang et al., 2013a) . However, the impacts of EASM on hydroclimate variability vary spatially (Guo et al., 2004; Zhou et al., 2009 ). In the core monsoon region of China, a predominant feature of EASM is the Mei-yu rainfall, which has a nearly east-west distribution pattern in the region 27°-35°N, 105°-125°E during mid-June to mid-July. 10 The summer rainfall over the Mei-yu region has been considered as a good representation of EASM variability (Wang et al., 2008) . Therefore, hydroclimate reconstructions within the representative region of EASM are necessary. Numerous studies have indicated that tree-ring width mainly reflects temperature signals in the humid and semi-humid EASM core region (Cai and Liu, 2016; Duan et al., 2012; Shi et al., 2017; Shi et al., 2010; Zheng et al., 2012) , and suggested the use of tree-ring stable isotopes to capture hydroclimate signals (Cai et al., 2018; Liu et al., 2017a; Xu et al., 2016; Xu et al., 2018) . However, robust 15 hydroclimate signals can also be extracted from tree-ring width at some low-altitude and well-drained sites as evidenced by several recent studies (Cai et al., 2017; Chen et al., 2016a; Shi et al., 2015) . Furthermore, studies indicate that using tree-ring parameters with sub-annual resolution, such as earlywood width (EWW) and latewood width (LWW), might be a way to obtain stronger hydroclimate signals than using total tree-ring width (TRW) (Chen et al., 2012; Zhao et al., 2017a; Zhao et al., 2017b) .
These findings inspired us reconstructing hydroclimate variations using sub-annual tree-ring width in the core EASM region. 20
The eastern Qinling Mountains are located in the central EASM region, and are characterized by a transitional climate from warm-temperate to subtropical. In this region, only a few tree-ring based hydroclimate reconstructions have been conducted in Mount Hua (Chen et al., 2016b; Hughes et al., 1994; Liu et al., 2002) , and Mount Yao (Liu et al., 2017a) . Shi et al. (2012) studied the climate-growth relationships of Pinus tabulaeformis along an elevation gradient in Mount Funiu. All sampling sites in Shi et al. (2012) were located on mountain tops, where soils are thin and well-drained. The TRW chronologies at the two 25 low-altitude sites, Baiyunshan (BYS) and Longchiman (LCM), exhibited a weak response to summer hydroclimate variability.
Due to increased temporal resolution of intra-annually resolved tree-ring records, we hypothesize that hydroclimate signals contained in EWW or LWW are stronger than those in whole TRW. Therefore, our aims in the present study are determined to: (1) compare the climate sensitivity of tree-ring EWW, LWW, and TRW in P. tabulaeformis at BYS and LCM; (2) attempt to reconstruct regional hydroclimate variability using the parameter that contains the strongest hydroclimate signals; (3) 30 explore the relationship between the reconstructed hydroclimate variability and EASM.
Materials and Methods

Study sites and tree-ring data
Dated tree-ring samples of P. tabulaeformis used in this study were provided by Shi et al. (2012) . They were collected from two sampling sites in Mount Funiu in 2006 and 2008: BYS (33.63° N, 111 .85° E) and LCM (33.68° N, 112 .05° E) (Fig. 1) .
The elevations of BYS and LCM range from 1200-1300 m above sea level (asl), and 1340-1400 m asl, respectively. Although 5 there are some differences in elevation, the TRW chronologies of these two sites were significantly correlated (r = 0.75, p < 0.01) from 1887 to 2005, and share a similar climate-growth relationship (Shi et al., 2012) . The regional annual mean temperature and annual total precipitation are 13.9°C and 752 mm, respectively. A major part of the annual precipitation is recorded during the warm season (Fig. 2) . More detailed information on the study sites can be found in Shi et al. (2012) . P. tabulaeformis generally exhibits an abrupt transition from light-colored earlywood to dark-colored latewood (Liang and 10 Eckstein, 2006; Fig. 3 ). Due to this wood anatomical characteristic, the earlywood and latewood segments of annual growth rings can be confidentially discriminated visually by the sudden change in cell size, lumen size, and color (Stahle et al., 2009 ).
However, gradual transitions also occurred in a few samples, making the exact delineation of the earlywood-latewood boundary difficult. Therefore, only samples with distinct earlywood and latewood segments were used for subsequent measurements (Knapp et al., 2016) . In total, 20 cores from 11 trees and 42 cores from 22 trees were selected from BYS and 15 LCM, respectively. EWW and LWW were then measured using a LINTAB5 system at a resolution of 0.001 mm, and TRW was obtained by adding EWW and LWW together.
Standardized EWW, LWW, and TRW chronologies were developed using the ARSTAN program (Cook, 1985) . Firstly, the age-dependent growth trends in the measurement series were fitted by negative exponential or linear regression curves, and two series at LCM01 with anomalous growth trends were fitted by cubic splines with a 50% frequency-response cutoff equal 20 to 67% of the series length. Secondly, all width index series were calculated as ratios of original ring widths and the fitted trends, and merged into a regional standard chronology using the bi-weight robust mean method. Lastly, to minimize the effects of sampling depth changes, the variance of each chronology was stabilized according to the method described by Osborn et al. (1997) . EPS (expressed population signal) and Rbar were calculated over 30-year windows with a 15-year overlap were used to evaluate the quality of the width chronologies (Cook et al., 1999; Wigley et al., 1984) . Rbar represents the mean of all 25 correlations for tree-ring width index series between each pair of cores. EPS is a function of Rbar and sample size, and is used to estimate how well the sample chronology represents the theoretical chronology.
Climatic data and statistical methods
To investigate the climate-growth relationship, monthly mean temperature and monthly total precipitation were selected from before release. Regional temperature values were calculated by averaging the station temperature time series. Regional precipitation values were produced by firstly averaging the standardized anomalies of station precipitation time series, then transforming the averaged standardized anomalies back to the original unit of precipitation (Jones and Hulme, 1996) . Regional hydroclimate conditions were represented by the monthly self-calibrating Palmer Drought Severity Index (scPDSI) averaged in the area between 32° N to 35° N and 110° E to 112° E, which were extracted from the global land scPDSI dataset (van der 5 . The scPDSI reflects soil moisture availability, and has been proved to be a good proxy for studying wet and dry spells across China (Li et al., 2009; ). Pearson's correlation coefficients (r) were calculated to explore the climate-growth relationship from previous July to current December over the period . In addition, partial correlation and moving correlation analyses were performed to evaluate the robustness of the relationships between radial growth and its limiting climatic factors. The significance of correlation coefficients was tested using two-tailed t-statistic. 10
For hydroclimate reconstruction, a simple linear regression model was applied to establish a transfer function. Temporal stability of the model was tested by a split calibration-verification procedure using the following statistics: r, explained variance (R 2 ), reduction of error (RE), coefficient of efficiency (CE), and the sign-test (Meko and Graybill, 1995) . Spatial correlations of the reconstructed series were analysed using the KNMI Climate Explorer (http://climexp.knmi.nl/start.cgi). In order to validate our hydroclimate reconstruction, it was compared with several hydroclimate reconstructions and historical document 15 records, including (1) (5) drought/wet events recorded in historical documents (Wen, 2006) . 20
Several EASM indices (EASMI) with different notions have been proposed to measure EASM strength. Wang et al. (2008) suggested that an appropriate EASMI should be able to reflect the principal mode of EASM rainfall variability, and highlight the significance of Mei-yu rainfall in gauging EASM strength. Following this suggestion, Zhao et al., (2015) defined a new EASMI based on 200 hPa zonal wind anomalies, which captures the dominant modes of rainfall variability over East Asia.
We calculated the May-July (MJJ) EASMI according to the definition of Zhao et al. (2015) . The used 200 hPa zonal wind 25 dataset was obtained from the National Oceanic and Atmospheric Administration-Cooperative Institute for Research in Environmental Sciences (NOAA/CIRES) Twentieth Century Reanalysis V2c (NOAA-20C; Compo et al., 2011) . We selected this dataset because it covers the period 1851 to 2014, and hence is the longest currently available dataset at present. Further, the MJJ EASMI calculated using this dataset is highly consistent with another EASMI (Zhao et al., 2015) calculated from the Japanese 55-year Reanalysis Project dataset (JRA-55; Kobayashi et al. 2015; Fig. 5) . The relationship between MJJ EASMI 30 and our reconstruction was evaluated using Pearson's correlation analyses. To highlight decadal and longer climate fluctuations, MJJ EASMI and our reconstruction were filtered using a low-pass Fast Fourier Transform (FFT) with a cutoff frequency of 0.1 Hz. The significance was adjusted for the correlations between the two decadal filtered time series because their degrees of freedom had reduced to one fifth of the initial (Yan et al., 2003) . In addition, to understand the impacts of EASM on hydroclimate variability on a spatial perspective, spatial correlation analyses were performed with the gridded precipitation dataset from Global Precipitation Climatology Centre Version 7 (GPCC v7; Schneider et al., 2015) , and gridded temperature dataset from Climatic Research Unit Time-Series Version 4.01 (CRU TS 4.01; Harris et al., 2014) . These gridded datasets are capable of reproducing precipitation and temperature variability over East China during the 20 th century Wen et al., 2006) . 5
Results and Discussion
Chronology characteristics
The established chronologies and corresponding EPS, Rbar, and sample size values are shown in Fig. 4 . Each of the chronologies had a total length of 165 years, spanning from 1841 to 2005. During the whole period, the EWW chronology generally exhibited higher EPS and Rbar values than the LWW chronology, indicating that stronger common signals were 10 shared by earlywood growth than latewood growth. Similar EPS and Rbar values were found between the TRW and EWW chronologies, which could be attributed to the fact that EWW represents the majority of TRW (on average, the portion of EWW of TRW accounts for 65.8%). According to the generally accepted EPS threshold value of 0.85 (Wigley et al., 1984) , the reliable period of EWW and TRW chronologies was 1866-2005, and 1881-2005 for the LWW chronology, respectively.
Climate-growth relationship 15
As shown in Fig. 6 , EWW is significantly positively correlated with precipitation in May, but negatively correlated with temperature in May-June. These results highlight the effect of drought stress during the main growing season. EWW is more sensitive to scPDSI, with the highest correlation (r = 0.71, p < 0.01) being found in MJJ. When the effects of temperature and precipitation signals are removed by partial correlation, EWW still has a high correlation (r = 0.59, p < 0.01) with MJJ scPDSI.
In addition, the linear relationship between EWW and MJJ scPDSI is more time stable than those between EWW and MJJ 20 temperature or precipitation (Fig. 7) . All these results indicate that earlywood growth is primarily controlled by MJJ scPDSI.
By contrast, LWW almost has no significant correlations with precipitation and temperature. Meanwhile, LWW showed a much lower positive correlation with MJJ scPDSI (Fig. 6 ). This indicates that latewood growth is less sensitive to climate than earlywood. The low climate sensitivity of LWW also induces a weaker climate-growth relationship for TRW than for EWW (Fig. 6) . 25
The highest correlation coefficient between EWW and MJJ scPDSI suggests that MJJ moisture availability is the dominant environmental factor limiting radial growth of P. tabulaeformis in LCM and BYS. Fast radial growth of P. tabulaeformis usually happens in the early growing season (Liang et al., 2009; Shi et al., 2008; Zeng et al., 2018) . Increased water deficiency in the early growing season could suppress cell expansion and cell growth in the cambium (Fritts, 1976) studies (e.g. Cai and Liu, 2012; Cai et al., 2014; Cai et al., 2015; Chen et al., 2014; Fang et al., 2009; Fang et al., 2012b; Li et al., 2006; Liang et al., 2006; Liu et al., 2017b; Shi et al., 2008; Song and Liu, 2011; Sun et al., 2012) .
Hydroclimate reconstruction and comparison
Based on the above analyses, we selected MJJ scPDSI as the target for hydroclimate reconstruction. The EWW chronology was chosen as the predictor (Fig. 8a) . The transfer function between EWW chronology and MJJ scPDSI was estimated using 
The model explains 50.3% of the actual MJJ scPDSI variance over the period of 1951-2005. The calibration-verification tests show that r, R 2 and the sign-test are significant at the 0.01 level, and that RE and CE values are positive (Table 1 ). In addition, the first-order differences of MJJ scPDSI and EWW are strongly linearly correlated (Fig. 8b) . All test results confirm that the 10 model is valid (Cook et al., 1999; Fritts, 1976) .
Based on the above model, the MJJ scPDSI of the study region was reconstructed back to 1866 (Fig. 8c) . We restored the variance of reconstruction to match the variance of instrumental MJJ scPDSI during the calibration period. Spatial correlation analysis indicates that the reconstruction most strongly represents Central China, including the western part of Henan, the northern part of Hubei, and the southern part of Shaanxi provinces (Fig. 1a) . Our reconstruction is significantly correlated with 15 the instrumental scPDSI series (r = 0.47; p < 0. 01; 1901-2005) (Fig. 9a) , and the PDSI series of MADA 370 (r = 0.43; p < 0.01; 1866-2005) (Fig. 9b) . However, the unprecedented drying trend that began in the early 1990s in MADA was not found both in our reconstruction and the instrumental scPDSI series, implying that MADA may have overestimated drought severity over the past two decades in the study area. This overestimation was also found in the Guancen Mountains, North China (38.83° N, 112.08° E). We assume that this discrepancy was probably due to the insufficient spatiotemporal distribution of the tree-20 ring network used in MADA, and many of the tree-ring data used ended in the 1990s (Li et al., 2015) . Our reconstruction is also significantly correlated with the nearby DWI (r = -0.22; p < 0.05; 1866-2000) (Fig. 9c) , and a tree-ring based precipitation reconstruction for southeast China (r = 0.49; p < 0.01; 1866-2005) (Fig. 9d) . Moderately to severely dry (wet) events are normally defined by scPDSI values less than -2 (larger than 2), if the scPDSI time series has a mean of zero (Palmer, 1965) .
Since the reconstructed MJJ scPDSI fluctuates around the mean of 0.29, we define moderately to severely dry (wet) events as 25
MJJ scPDSI values below -1.71 (above 2.29). Based on these criteria, 10 anomalously dry years and 11 anomalously wet years were identified during the period 1866-1950. Most of the anomalously dry (wet) years could be verified by corresponding descriptions in historical documents ( Fig. 9e ; Table 2 ). The low-frequency variation shows that common drought periods occurred in the 1870s and 1920s. These drought periods were also observed in North and West China (Cai et al., 2014; Chen et al., 2014; Fang et al., 2012a; Kang et al., 2013; Liang et al., 2006; Liu et al., 2017b; Zhang et al., 2017) , indicating that these 30 droughts had widespread impacts. The above comparisons suggest that our reconstruction is able to capture the broad-scale warm-season hydroclimate variability in this region. 
Connections with EASMI
A significant positive correlation (r = 0.23, p < 0.01) exists between MJJ scPDSI and EASMI during the period 1866-2005.
The correlation coefficient becomes 0.43 (p < 0.05) after a 10-year low-pass filter was applied for the two time series, suggesting that MJJ scPDSI and EASMI are generally in-phase on the decadal and longer timescales. However, a careful check revealed that the in-phase relationship was unstable: the two series are in-phase (r = 0.62, p < 0.01) during 1866-1956, but 5 out-of-phase (r = -0.29) during 1957-2005 (Fig. 10) . The relationship changed around the mid-1950s.
Spatial correlation analyses showed positive correlations between the decadal filtered MJJ EASMI and scPDSI in the YellowHuaihe River basins during 1901-1956, but negative correlations during 1957-2005 (Fig. 11a-b) . In terms of precipitation, positive correlations are found over the Yangtze-Huaihe-Yellow River basins during (Fig. 11c) . From 1957 to 2005, positive correlations retreat southward to the Yangtze River basin and South China, with negative correlations emerging 10 in the Yellow-Huaihe River basins, manifesting a dipole pattern of EASM precipitation (Fig. 11d) . Pei et al. (2015) also suggested that a dipole pattern had intensified since the 1950s, which might be associated with the forcings of the Atlantic Multi-decadal Oscillation (Si and Ding 2016) . On the contrary, temperature has much weaker correlations with EASMI over the Yellow-Huaihe River basins, and there are no significant spatial pattern changes (Fig. 11e-f) . Therefore, it is precipitation that plays a dominant role in altering the correlation pattern between MJJ scPDSI and EASMI on decadal and longer timescales. 15
Conclusions
A new tree-ring based hydroclimate reconstruction was performed in the eastern Qinling Mountains, Central China, belonging to the core region of EASM influence. Different from previous studies which are mainly based on total tree-ring width or stable isotope variations, our reconstruction is based on intra-annual tree-ring parameters, namely EWW of P. tabulaeformis.
The EWW exhibited a much stronger response to MJJ scPDSI than TRW and LWW, indicating that the radial growth of P. 20 tabulaeformis is strongly limited by the moisture availability during its early growing season. This highlights the potential of EWW for hydroclimate reconstructions in this area, and possibly beyond in other subtropical regions with similar seasonal patterns of moisture supply. The reconstructed MJJ scPDSI was in-phase with EASMI on decadal and longer timescales before the mid-1950s. Then, the in-phase relationship was replaced by an out-of-phase relationship after the mid-1950s, which might be associated with the intensified dipole pattern of EASM precipitation. Considering the changing spatial characteristics of 25 EASM rainfall, a wider network of intra-annually resolved hydroclimate reconstructions within the core region of EASM influence is necessary to fully capture past EASM changes.
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